Man) PCR methods were used to assay the identical cDNA. The real-time methods produced a 4-to 5-log dynamic range of amplification, while the dynamic range of the endpoint assays was 1-log. The real-time and probe hybridization assays produced a comparable level of sensitivity that was considerably greater than band densitometry. The coefficient of variation from 22 replicate PCR reactions was 14.2 and 24.0% for the SYBR green and TaqMan detection, respectively, and 44.9 and 45.1% for the band densitometry and probe hybridization assays, respectively. The rank order for the values of r 2 obtained from the linear regression of the first-order mRNA decay plots was SYBR green > TaqMan > probe hybridization > band densitometry. Real-time PCR is more precise and displays a greater dynamic range than endpoint PCR. Among the real-time methods, SYBR green and TaqMan assays produced comparable dynamic range and sensitivity while SYBR green detection was more precise and produced a more linear decay plot than TaqMan detection.
Levels of expressed genes (i.e., mRNA) will change under a variety of conditions such as position within the cell cycle or upon exposure to drugs, hormones, cytokines, or other stimuli (1) (2) (3) (4) . The analysis of gene expression requires sensitive, precise, and reproducible measurement of specific mRNA sequences. The methods used to quantify mRNA include techniques based upon hybridization (e.g., Northern blotting, solution hybridization, and RNase protection assays) as well as the amplification of individual RNA molecules by combining reverse transcription and the polymerase chain reaction (RT-PCR). 3 The RT-PCR technique has been shown to correlate with the more traditional hydridization methods (5, 6) . In addition, RT-PCR may be more sensitive because it exponentially amplifies small amounts of nucleic acid. This sensitivity enables the detection of rare mRNAs, mRNAs from small amounts of tissue, and mRNAs that are expressed in mixed cell populations.
A key factor in the quantitative ability of RT-PCR is measuring the product of the target gene within the linear range of the amplification reaction. The amount of amplified target is directly proportional to the input amount of target only during this linear range of amplification. In traditional, or endpoint, RT-PCR analysis, the linear range of amplification is determined empirically by amplifying equivalent amounts of cDNA over different cycles of the PCR (7, 8) or by amplifying dilutions of cDNA over the same number of PCR cycles (9) . The PCR product is detected following incorporation of a radiolabel (9), following staining an agarose gel with ethidium bromide (7, 8) , or by probing the product post-PCR (10) . The end result is that endpoint quantitative RT-PCR generates numerous samples resulting in a tedious and time-consuming assay.
Recent advances in quantitative RT-PCR technology include the development of real-time quantitative PCR (11) . Real-time PCR incorporates specific technology to detect the PCR product following each cycle of the reaction. Several methods are available to detect the DNA generated by real-time PCR including dual-labeled fluorogenic hybridization probes (TaqMan probes) (11) and the SYBR green I minor groove DNAbinding dye (12) . Real-time PCR allows sensitive detection of the DNA product, ensures detection during the linear range of amplification, eliminates the need for post-PCR analysis, and incorporates specialized software to simplify data analysis.
Our objective was to evaluate four quantitative RT-PCR assays that could be used to study mRNA formation and decay. An inducible gene transcription/decay assay was used for this purpose. Both endpoint (band densitometry and probe hybridization) and real-time (SYBR green and TaqMan) quantitative RT-PCR assays were evaluated. The criteria used to evaluate the assays include assay sensitivity, dynamic range, intraassay variation, and the linear regression analysis of the mRNA decay plots.
MATERIALS AND METHODS
Chemicals. Tissue culture reagents, Moloney murine leukemia virus reverse transcriptase, and random hexamers were purchased from Life Technologies (Gaithersburg, MD). The 4-methylumbelliferyl phosphate, hygromycin B, and RNase-free water were purchased from Sigma Chemical Co. (St Louis, MO). The RNeasy Mini RNA isolation kit was from Qiagen (Valencia, CA). Streptavidin-coated white microplates, anti-digoxygenin alkaline phosphatase, and RNasefree DNase I were from Boehringer-Mannheim (Indianapolis, IN). The Amplitaq Gold Taq DNA polymerase, MicroAmp 96-well plates, MicroAmp optical caps, and the SYBR green I PCR kits were purchased from PE Biosystems (Foster City, CA).
Tissue culture. NIH 3T3 fibroblasts stably transfected with the fos-glo-myc chimeric gene were generously provided by Dr. J. Ross (University of Wisconsin, Madison, WI). The chimeric fos-glo-myc gene consists of the ␤-globin-coding sequence fused in frame to a portion of the c-myc 3Ј-untranslated region. The chimeric gene was placed downstream from the seruminducible c-fos promoter (13) . The fos-glo-myc cells were cultured in a complete medium consisting of Dulbecco's modified Eagle's medium (D-MEM) supplemented with 10% calf serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 200 g/ml hygromycin B. The cells were cultured at 37°C in a humidified environment of 5% CO 2 /air.
PCR primers and probes. The sequences of the PCR primers and probes are listed in Table 1 . For the probe hybridization analysis, the forward primers were labeled with biotin on the 5Ј end and HPLC purified. For consistency, the 5Ј-biotinylated, forward primers were also used in the band densitometry assay. The duallabeled fluorogenic hybridization probes (i.e., TaqMan probes) were labeled at the 5Ј end with fluorescein and on the 3Ј end with the quencher/minor groove binder ligand dihydrocyclopyrroloindole tripeptide. The 3Ј minor groove binder ligand allows use of shorter probes with better mismatch discrimination and lower fluorescent background (14) . TaqMan probes with this 3Ј quencher/minor groove binder structure are commercially available from PE Biosystems. The dual-labeled fluorogenic probes for real-time PCR were synthesized and purified as previously described (14) . The fos-glomyc and ␤-actin hybridization probes were purified by HPLC. The PCR primers and hybridization probes were synthesized and purified by Operon Technologies (Alameda, CA).
Serum stimulation experiments. The serum stimulation experiments were performed as previously reported (13) with the following modifications. Cells were plated in triplicate in six-well plates. Upon reaching 70% confluency, the cells were rinsed three times in warm phosphate buffered saline and cultured in D-MEM/penicillin/streptomycin and 0.5% dialyzed fetal bovine serum for 24 h. Following the starvation period, cells were induced by adding 15% dialyzed fetal bovine serum. At 0, 0.5, 1, 1.5, 2, 3, 4, 6, and 8 h following the addition of serum, the medium was removed and the cells were lysed in 350 l of buffer RLT (Qiagen). Cell lysis was performed at room temperature. The cell lysates were immediately frozen in a dry ice/ethanol slurry and stored at Ϫ80°C.
RNA extraction and reverse transcription. Total cellular RNA was isolated from the fibroblasts using the RNeasy Mini, RNA isolation kit per the manufacturer's protocol. Total RNA was eluted from the matrix with 35 l of RNase-free water. Residual genomic DNA was removed by incubating the RNA solution with 15 units of RNase-free DNase I in 2 mM MgCl 2 for 10 min at 37°C followed by 5 min at 90°C to inactivate the DNase. Twenty-five microliters of the DNase-treated RNA solution was used in a reaction containing 50 mM Tris-HCl (pH 8.3), 10 mM dithiothreitol, 0.0225 A 260 units of random hexamers, 3.5 g bovine serum albumin, 3 mM MgCl 2 , 0.5 mM deoxynucleotide triphosphates, 30 units of RNAguard RNase inhibitor (Promega, Madison, WI), 500 units of Moloney murine leukemia virus reverse transcriptase, and RNase-free water to 50 l. The reverse transcription reactions were not normalized to contain equivalent amounts of total RNA. The reactions were incubated at 26°C for 10 min and then at 42°C for 45 min followed by a 3-min incubation at 90°C to denature RNA secondary structure. An additional 300 units of reverse transcriptase was added and the reactions were incubated for 45 min at 42°C followed by 75°C for 10 min to inactivate the reverse transcriptase. The cDNA samples were aliquoted and stored at Ϫ80°C. The identical cDNA samples were used throughout the study.
Real-time PCR: SYBR green detection. The PCR was performed in the PE Biosystems GeneAmp 5700 sequence detection system using the SYBR green I PCR kit as recommended by the manufacturer. Each reaction contained 2.5 l of the 10ϫ SYBR green buffer; 200 nM dATP, dGTP, and dCTP; 400 nM dUTP; 2 mM MgCl 2 ; 0.25 units of uracil N-glycosylase, 0.625 units of Amplitaq Gold DNA polymerase; 250 nM forward and reverse primers; 5 l of a 1:10 dilution of the cDNA; and water to 25 l. The reactions were performed in MicroAmp 96-well plate capped with MicroAmp optical caps. The reactions were incubated at 50°C for 2 min to activate the uracil NЈ-glycosylase and then for 10 min at 95°C to inactivate the uracil NЈ-glycosylase and activate the Amplitaq Gold polymerase followed by 55 cycles of 15 s at 95°C, 30 s at 55°C, and 30 s 72°C. The PCR reactions were subjected to a heat dissociation protocol present in the PE Biosystems 5700 software. Following the final cycle of the PCR, the reactions were heat denatured over a 35°C temperature gradient at 0.03°C/s from 60 to 95°C.
Real-time PCR: TaqMan detection. Reactions for the real-time PCR using TaqMan detection consisted of 2.5 l of a 10ϫ TaqMan buffer A (PE Biosystems); 200 nM dATP, dGTP, and dCTP; 400 nM dUTP; 4.5 mM MgCl 2 ; 0.25 units of uracil N-glycosylase; 0.625 units of Amplitaq Gold DNA polymerase; 250 nM forward and reverse primers; 250 nM dual-labeled fluorogenic hybridization probe; 5 l of a 1:10 dilution of the cDNA; and water to 25 l. Real-time PCR was performed identically to that described for SYBR green except that the heat denaturation protocol was omitted.
Real-time PCR: Data analysis. The data generated from both SYBR green and TaqMan chemistries were analyzed in a similar manner. The real-time PCR data were plotted as the ⌬R n fluorescence signal versus the cycle number. The PE Biosystems 5700 sequence detection system software calculates the ⌬R n using the equation
, where R n ϩ is the fluorescence signal of the product at any given time and R n Ϫ is the fluorescence signal of the baseline emission during cycles 6 to 15. An arbitrary threshold was set at the midpoint of the log ⌬R n versus cycle number plot. The C t value is defined as the cycle number at which the ⌬R n crosses this threshold. The fold change in fos-glo-myc cDNA (target gene) relative to the ␤-actin endogenous control was determined by:
where
Time x is any time point and time 0 represents the 1ϫ expression of each gene under conditions of serum starvation. Relative quantification of gene expression using the 2 Ϫ⌬⌬C t method correlated with the absolute gene quantification obtained using standard curves (16) . Endpoint PCR. PCR reactions for the probe hybridization assay consisted of a 1ϫ Amplitaq Gold buffer, 2 mM MgCl 2 , 200 nM each dNTP, 250 nM biotinylated forward and reverse primer, 5 l of the cDNA diluted in water, 0.625 U of Amplitaq Gold Taq polymerase, and water to 25 l. The PCR conditions for the band densitometry analysis were identical to the probe hybridization assay except that the reactions were scaled up to 100 l. The biotinylated, forward primer was required for the probe hybridization assay but was also used in the band densitometry assay for consistency. The reactions were incubated for 10 min at 95°C to activate the Amplitaq Gold polymerase, followed by 30 cycles of 15 s at 95°C, 30 s at 55°C, and 30 s at 72°C. To standardize the instrumentation for the study, the endpoint PCR reactions were performed in the PE Biosystems GeneAmp 5700 Sequence Detection System thermocycler.
Endpoint PCR: Ethidium bromide-stained gel detection. The 100 l reactions were concentrated to approximately 20 l in a Speed Vac concentrator (Savant Instruments, Farmingdale, NY) to facilitate loading the gel. This increased the detection limit of the assay. The concentrated reactions were loaded onto a 2.2% agarose/TAE gel containing 0.5 g/ml ethidium bromide and run for 1.5 h at 2.5 V/cm. The gel was photographed on an UV transilluminator with Type 665 positive/negative Polaroid film. The negative was digitized with a Hewlett Packard Model 4C scanner and the amount of DNA in the fos-glo-myc and ␤-actin bands was quantified using Scanalytics RFLP Scan software.
Endpoint PCR: Probe detection in microtiter plates. Five microliters of the PCR product was analyzed by probe hybridization in microtiter plates as previously described with a few modifications (10) . The antisense hybridization probes were 3Ј end-labeled with digoxygenin using the digoxygenin labeling kit (BoehringerMannheim). The digoxygenin-labeled probes were diluted in hybribization solution at 5 pmol/l, and 200 l was added to each well and incubated at 60°C for 1 h. The wells were rinsed three times with a posthybridization wash solution (0.5ϫ standard saline citrate, 0.1% Tween 20), incubated in 200 l of posthybridization wash solution at 60°C followed by three additional washings of posthybridization wash solution. Antidigoxygenin alkaline phosphatase (150 U/200 l) was diluted to 0.2 l/ml in PBS/Boehringer-Mannheim blocking reagent and 200 l of this solution was added to each well and incubated at 37°C for 1 h. The strips were washed six times in wash buffer. Two-hundred microliters of 0.8 mM 4-methylumbelliferyl phosphate in 50 mM boric acid, 50 mM KCl, 0.1 M MgCl 2 , pH 10, was added for 1 h at 37°C. The reactions were quenched with 50 l of 3 M K 2 HPO 4 and the fluorescence was detected in a CytoFluor series 4000 multiwell plate reader (PerSeptive Biosystems, Farmington, MA), excitation 360 nm and emission 440 nm.
Endpoint PCR to measure mRNA formation and decay. The linear range of amplification for the endpoint assays was determined by amplifying serial dilutions of cDNA from samples that contained the highest expression of fos-glo-myc and ␤-actin. To determine which cDNA samples contained the highest expression of each gene, the cDNA samples collected during the serum stimulation study were quantified using the SYBR green real-time assay. Samples of cDNA containing the highest expression of fos-glo-myc and ␤-actin were chosen, serially diluted, and amplified by 30 cycles of the PCR using primers for fos-glomyc or ␤-actin. The products were detected using the band densitometry or probe hybridization assays. A volume of cDNA that was within the linear range was selected and this volume was amplified for each point in the time course study. The fold change in fos-glo-myc mRNA was presented as:
where the signal represents the band density or fluorescence signal emitted for the band densitometry or probe hybridization assays, respectively. The background emission from a no template control reaction was subtracted from the density or fluorescence signal at each time point. Time x and time 0 are the same as that described in Eq. [1] .
Statistics. Linear regression analysis was performed on the individual samples assayed at 1, 1.5, 2, 3, and 4 h following serum stimulation. Values for the first-order rate constant for mRNA decay, r 2 , and standard error of the estimates were calculated from the linear regression analysis using Microsoft Excel (Microsoft Corporation, Seattle, WA). Figure 1 illustrates a typical plot of data generated by real-time PCR using SYBR green detection. Similar plots were generated using TaqMan detection (not shown). The PCR signal is initially below the limit of detection and increases with cycle number to cross a threshold. The threshold was set to the midlinear portion of the log ⌬R n versus cycle plot (Fig. 1A, inset) .
RESULTS

Real-Time PCR Analysis
The cycle number at which the signal crosses the threshold is defined as C t . Input cDNA copy number and C t are inversely related; a sample that contains more copies of template will cross the threshold at an earlier cycle compared to one containing fewer copies of template. For example, the sample exposed to serum for 1.5 h (C t ϭ 19) had a higher input copy number than the sample exposed to serum for 8 h, C t ϭ 20.5 (Fig. 1A) .
Since SYBR green I indiscriminately binds to doublestranded DNA, other products in the PCR such as primer dimers may be detected along with the target gene (15) . To verify that the SYBR green dye detected only one PCR product, the samples were subjected to the heat dissociation protocol following the final cycle of the PCR. Heat dissociation of oligonucleotides detects differences in melting temperature (e.g., GC/AT ratio) and will produce a single dissociation peak for each oligonucleotide within a 2°C difference in melting temperature (17) . Dissociation of the PCR reactions consistently produced a single peak for fos-glo-myc (Fig. 1B) and ␤-actin (not shown), demonstrating the presence of only one product in the reaction. The presence of a single product was further verified by gel electrophoresis (not shown).
Triplicate cDNAs from each time point following serum induction were amplified using primers for fos-glomyc or ␤-actin and detected with SYBR green. The amount of fos-glo-myc and ␤-actin from each sample was transformed equal to 2
ϪCt in order to convert C t (logarithmic value) to a linear value. The data were presented as the fold change in mRNA expression relative to the amount present at time zero and were not normalized to an internal control gene. The level of fos-glo-myc mRNA immediately increased following the addition of serum, peaked at 60 min, and then declined (Fig. 2) . This pattern of fos-glo-myc mRNA induction and decay follows that previously reported by Herrick and Ross who measured mRNA levels in the same cell line by Northern blotting (13) . Serum appeared to influence the expression of ␤-actin; a steady N ϭ 3) . The line represents the threshold arbitrarily set in the middle of the log ⌬R n plot (inset). (B). Heat dissociation protocol. The entire series of cDNAs from the time course study (N ϭ 27) was amplified by 40 cycles of the PCR using primers for fos-glo-myc and SYBR green detection. Following the final PCR cycle the samples were subjected to a heat dissociation protocol over the indicated temperature range.
FIG. 2.
Induction and decay of the fos-glo-myc and ␤-actin mRNA; real-time PCR analysis. Mouse fibroblasts transfected with the chimeric fos-glo-myc gene were serum starved for 24 h and induced with 15% serum over 8 h. Total RNA was isolated from the cells at each time point and converted to cDNA. Samples of cDNA (0.1 l) were amplified using real-time quantitative PCR and SYBR green detection as described under Materials and Methods. Presented is the fold change in the expression of fos-glo-myc (F) and ␤-actin (E) following addition of serum. The fold change in mRNA expression is presented as 2
ϪCt and was not normalized to an internal control gene. Mean Ϯ SD (N ϭ 3) . increase in the ␤-actin expression was observed over the 8 h of serum stimulation (Fig. 2) .
Sensitivity and Dynamic Range of the RT-PCR Assays
The sensitivity and dynamic range of the quantitative RT-PCR assays were determined by amplifying serial dilutions of cDNA. For the endpoint assays, the lower limit of detection was defined as the point when the signal intensity was similar to that of the no template control. The minimal detectable limit of the realtime assays was defined as the point at which the relationship between C t and the cDNA became nonlinear. Serial dilutions of cDNA (0.25 l to 1.2 ϫ 10 Ϫ7 l) from fibroblasts exposed to serum for 1 h were amplified using primers for fos-glo-myc or ␤-actin and the products were detected using SYBR green or TaqMan probes. The relationship between C t and the volume of cDNA was linear between 0.25 and 1.5 ϫ 10 Ϫ5 l for fos-glo-myc (Fig. 3) . Amplification of ␤-actin was linear between 0.25 and 2 ϫ 10 Ϫ6 l and 0.25 and 3 ϫ 10 Ϫ5 l when detected by SYBR green and TaqMan, respectively. The r 2 from the linear regression was Ͼ0.99 for the amplification of both genes using either real-time assay (Fig. 3) . A strong linear relationship over a 4-log dynamic range exists for both SYBR green and TaqMan detection.
The dynamic range of the endpoint assays was determined by amplifying serial dilutions of cDNA from fibroblasts exposed to serum for 1 (fos-glo-myc primers) and 8 h (␤-actin primers). One and 8 h were chosen because these samples contained the greatest amount of fos-glo-myc and ␤-actin, respectively (Fig. 2) . Dilutions of cDNA (0.25 to 3.0 ϫ 10 Ϫ5 l) were amplified by 30 cycles of the PCR. The PCR products were resolved by electrophoresis and the amount of DNA present in the gel was determined by band densitometry. The band densitometry assay was linear between 3.1 ϫ 10 Ϫ2 and 9.8 ϫ 10 Ϫ4 l of cDNA for fos-glo-myc (r 2 ϭ 0.993) and between 3.91 ϫ 10 Ϫ3 and 2.4 ϫ 10 Ϫ4 for ␤-actin (r 2 ϭ 0.986, Fig. 4 ). The minimal detectable amount of cDNA using the band densitometry assay was 9.8 ϫ 10
Ϫ4 l for fos-glo-myc and 2.4 ϫ 10 Ϫ4 for ␤-actin. A volume of cDNA that was within the linear Ϫ7 l) from fibroblasts exposed to serum for 1 h were amplified using real-time, quantitative PCR. Diluted cDNA was amplified and detected by SYBR green using primers for fos-glo-myc (A) or ␤-actin (B) or using TaqMan probes and primers for fos-glo-myc (C) or ␤-actin (D). The dynamic range for each assay is presented. The r 2 was determined using least-squares linear regression (N ϭ 1).
range for both fos-glo-myc and ␤-actin was selected (3.9 ϫ 10 Ϫ3 l) and was used in the subsequent amplification of all 27 samples in the time course study.
The dynamic range of the hybridization assay was determined by amplifying serial dilutions of cDNA (0.125 to 3.8 ϫ 10 Ϫ6 ) using primers for fos-glo-myc (1 h sample) and ␤-actin (8 h sample). The probe hybridization assay was linear between 2.4 ϫ 10 Ϫ4 and 1.5 ϫ 10 Ϫ5 l of cDNA (r 2 ϭ 0.989) for fos-glo-myc and between 5 ϫ 10 Ϫ4 and 1.5 ϫ 10 Ϫ5 l for ␤-actin (r 2 ϭ 0.995, Fig. 5 ). The minimal detectable limit for the probe hybridization assay for both genes was 1.5 ϫ 10 Ϫ5 l of cDNA. A volume of cDNA that was within the linear range for both fos-glo-myc and ␤-actin was selected (2.4 ϫ 10 Ϫ4 l) and was used in the subsequent
FIG. 4.
Linear range of amplification; band densitometry detection. Serial dilutions of cDNA (0.25 to 1.5 ϫ 10 Ϫ5 ) obtained from serumstimulated fibroblasts were amplified by 30 cycles of the PCR. The amount of product present in each reaction was determined from the ethidium bromide-stained agarose gel as described under Materials and Methods. The linear range of amplification is shown for a cDNA sample (1 h serum exposure) amplified with primers for fos-glo-myc (A) and a cDNA sample (8 h serum exposure) amplified using primers for ␤-actin (B) (N ϭ 1).
FIG. 5.
Linear range of amplification; probe hybridization detection. Serial dilutions of cDNA (0.125 to 3.8 ϫ 10 Ϫ6 l) obtained from serum-stimulated fibroblasts were amplified by 30 cycles of the PCR. The amount of product present in each reaction was determined by the probe hybridization assay described under Materials and Methods. The linear range of amplification is shown for a cDNA sample (1 h serum exposure) amplified with primers for fos-glo-myc (A) and a cDNA sample (8 h serum exposure) amplified using primers for ␤-actin (B) (N ϭ 1) .
amplification of all 27 samples in the time course study.
Validation of 2
Ϫ⌬⌬Ct Method for Real-Time, Quantitative PCR For the real-time assays, the fold change in fos-glomyc mRNA was determined using the 2 Ϫ⌬⌬Ct method as described under Materials and Methods. The 2 Ϫ⌬⌬Ct method assumes that the amplification efficiency of the target gene and the internal control gene are the same. Amplicon efficiency is tested by plotting the log of the input template versus the ⌬C t ; a slope of approximately zero demonstrates that the efficiencies are equal. To validate the use of the 2
Ϫ⌬⌬Ct method in the present study, the ⌬C t (C tTarget Ϫ C tActin ) was calculated at each input cDNA from the data presented in Fig. 3 . The linear regression from both the SYBR green and TaqMan plots reveal a slope of approximately zero (Fig. 6) . Thus, the amplification efficiencies of both amplicons are similar and the fold change in fos-glomyc gene expression may be presented as 2
Ϫ⌬⌬Ct for both SYBR green and TaqMan detection.
Precision of Real-Time and Endpoint Assays
The intraassay precision of the four quantitative RT-PCR assays was determined by quantifying the relative amount of fos-glo-myc mRNA from 22 replicate PCRs. Samples of cDNA exposed to serum for 0 and 1 h were diluted to 2.4 ϫ 10 Ϫ4 l and were amplified by the probe hybridization assay. Other samples of cDNA exposed to serum for 0 and 1 h were diluted to 3.9 ϫ 10 Ϫ3 l and were assayed using the band densitometry and real-time PCR assays. The samples were diluted to the appropriate volumes to ensure linearity for the endpoint assays. The relative amount of fos-glo-myc to ␤-actin was calculated as described under Materials and Methods. The mean fold change in fos-glo-myc expression over 1 h of serum stimulation was about threefold when assayed by the real-time methods and band densitometry and fivefold when assayed by probe hybridization ( Table 2 ). The endpoint assays produced a comparable level of variation that was much greater than the variation in the real-time methods. The CV of the band densitometry and probe hybridization assays were 44.9 and 45.1%, respectively, while the CV of the SYBR green and TaqMan assays were 14.2 and 24.0%, respectively (Table 2) .
Quantitative RT-PCR Analysis of mRNA Induction and Decay
The relative amount of fos-glo-myc to ␤-actin mRNA at each time point following serum stimulation was Note. 22 replicate PCRs were performed on the identical cDNA synthesized from fibroblasts exposed to serum for 0 or 1 h. The cDNA was amplified using primers for fos-glo-myc or ␤-actin and the amount of PCR product was detected using the four quantitative PCR assays listed below. The relative amount of fos-glo-myc to ␤-actin was calculated as described under Materials and Methods. The mean fold change in fos-glo-myc mRNA expression over 1 h of serum-stimulation is reported.
FIG. 6.
Efficiency of fos-glo-myc and ␤-actin amplification by realtime PCR. The efficiency of amplification of fos-glo-myc and ␤-actin was examined by amplifying cDNA from fibroblasts exposed to serum for 1 h. Serial dilutions of cDNA (0.25 to 1.2 ϫ 10 Ϫ7 l) was amplified by real-time PCR using gene-specific primers and was detected by SYBR green (A) or TaqMan probes (B). The ⌬C t (C tTarget Ϫ C tActin ) was calculated for each volume of cDNA that was amplified. The data were fit using least-squares linear regression analysis (N ϭ 1).
quantified using the real-time and endpoint RT-PCR assays. The fold change in fos-glo-myc expression was plotted as a function of the serum exposure time for the band densitometry and SYBR green detection (Fig. 7) and for the probe hybridization and TaqMan assays (not shown). The first-order rate constants for mRNA decay, r 2 , and the standard error of the estimates were calculated from the linear regression (Table 3) . The values for mRNA half-life determined by quantitative RT-PCR were similar to the 1-h half-life reported by Herrick and Ross who measured mRNA levels in the same cell line by Northern blotting (13) . The rank order for the values of r 2 was SYBR green Ͼ TaqMan Ͼ probe hybridization Ͼ band densitometry while the rank order for the standard error of the estimates was SYBR green Ͻ TaqMan Ͻ band densitometry Ͻ probe hybridization.
DISCUSSION
Prior studies have compared real-time and endpoint quantitative PCR methods by examining the variation and sensitivity of detection obtained from amplifying DNA from clinical specimens (18, 19) . The intent of this study was to evaluate the data generated from end point and real-time quantitative PCR by amplifying cDNA synthesized from mRNA. Mouse fibroblasts transfected with the fos-glo-myc chimeric gene were used for this purpose (13) . This experimental system was chosen because transcription of the target gene is easily initiated by adding serum to serum-starved fibroblasts transfected with the chimeric gene. Moreover, since the gene contains the adenylate and uridylate-rich destabilizing sequence, mRNA decay may be followed over a relatively short period of time after stimulation with serum. Since cDNA is stable when stored at Ϫ80°C, the identical cDNA was analyzed using the four quantitative PCR assays.
The levels of expressed genes may be measured by relative or absolute quantitative RT-PCR. Absolute quantitation relates the PCR signal to input copy number using a standard curve (16) , while relative quantification measures the relative change in mRNA expression. Relative quantitation was used here to study mRNA decay because the mRNA copy number does not need to be known in order to collect kinetic data. Relative quantitation is easier to perform than absolute quantitation because standard curves are not necessary.
The minimum volume of cDNA in which fos-glo-myc was detectable was 1.5 ϫ 10 Ϫ5 l for both real-time and probe hybridization assays. By comparison, the lower level of sensitivity of fos-glo-myc by band densitometry was 9.8 ϫ 10 Ϫ4 l. Thus, the real-time and probe hy- Note. Fibroblasts transfected with the inducible fos-glo-myc gene were serum-starved and induced with serum for 8 h. Triplicate samples were collected at various times following serum stimulation and cDNA was prepared as described under Materials and Methods. The relative amount of fos-glo-myc was determined from the identical cDNA using the four quantitative PCR assays shown below. The first-order rate constants for fos-glo-myc mRNA degradation (k), r 2 , and standard error were obtained from the linear regression analysis of the mRNA decay plots.
FIG. 7.
Comparison of mRNA induction and decay by endpoint and real-time RT-PCR. Serum-starved fibroblasts transfected with the inducible fos-glo-myc gene were stimulated with serum over 8 h. Total RNA was extracted from the cells at various times and converted to cDNA and the identical cDNA was quantified using both RT-PCR assays. The relative amount of fos-glo-myc to ␤-actin was determined using a gel electrophoresis end point assay (A) or by real-time quantitative PCR with SYBR green detection (B). Mean Ϯ SD (N ϭ 3). First-order decay plots of fos-glo-myc mRNA (insets).
bridization assays were 65-fold more sensitive in detecting fos-glo-myc than band densitometry. The endpoint assays produced a comparable level of intraassay variation that was greater than the real-time methods (Table 2) . Since the probe hybridization assay was more sensitive than band densitometry detection, yet both assays produced similar variation, we conclude that assay sensitivity was not responsible for the reduced precision in endpoint detection compared to realtime PCR. The replicate experiment presented in Table  2 was performed by pipetting a master mix of cDNA and PCR reagents into individual reaction tubes. Since master mixes were used in both the real-time and endpoint assays, the increased variation observed with endpoint detection was not due to pipetting errors. One explanation for the increased variation of the endpoint assays is the post-PCR manipulations (e.g., additional pipetting steps, washes, loading gels) that were necessary to detect the PCR product.
The CV from 22 replicate PCRs were 14.2 and 24.0% for the SYBR green and TaqMan assays, respectively ( Table 2 ). The CV of 40 replicate reactions using TaqMan detection was reported as 1.6 % (18). Other studies have reported the CV from TaqMan detection to be around 1% (11, 16) . In each of the previously reported studies, the CV was calculated from the raw C t values. In the present study, the fold change in mRNA expression was calculated from the formula 2
Ϫ⌬⌬Ct . This calculation transforms the logarithmic C t data to a linear value. To determine the error of data that is not presented as the fold change in expression, we suggest converting the data from logarithmic to linear using the expression 2
ϪCt . To emphasize this point, the mean Ϯ SD (CV) of 22 replicate SYBR green PCRs of the fos-glo-myc gene (1 h serum exposure) was recalculated. When calculated from the raw C t , the mean was 25.0 Ϯ 0.182 (CV ϭ 0.730%); however, when the individual C t values were converted to the linear form equal to 2 ϪCt , the mean was 3.07 ϫ 10 Ϫ8 Ϯ 4.04 ϫ 10
Ϫ9
(CV ϭ 13.2 %). Presentation of statistical data calculated from the raw C t values falsely represents the error and should be avoided. The linear range of amplification for each cDNA sample in the time course study was not determined for the endpoint assays. Instead, the linear range was established in samples that contained the highest expression of the target and internal control genes. For simplicity, real-time PCR was used to determine which samples had the highest level of gene expression (Fig.  2) . A volume of cDNA that was within the linear range was selected and this volume of cDNA was amplified in each of the samples in the study. If the input cDNA copy number (e.g., volume of cDNA) was within the linear range in samples containing the highest amount of target, then we assumed that it will be linear in samples containing less than the maximum. This assumption holds as long as the change in gene expression was within the dynamic range of the assay. The greatest change in gene expression (Fig. 2) was within the 1-log dynamic range of the endpoint assays (Figs. 4  and 5 ). The endpoint assays described here introduced greater intraassay variation and produced less linear decay plots than the real-time methods (Tables 2 and  3 ). However, the endpoint assays may be applied to quantitative mRNA decay studies if access to real-time PCR technology was unavailable.
The levels of ␤-actin mRNA appear to change during the time course of serum stimulation (Fig. 2) . Serum also influenced the expression of three other commonly used housekeeping genes: glyceraldehyde-3-phosphate dehydrogenase, ␤-2-microglobulin, and 18S rRNA (data not shown). An increase in housekeeping gene expression could be the result of a change in individual mRNA levels or possibly a change in total RNA recovered from the various samples. Future experiments will address this issue.
We demonstrate that real-time quantitative RT-PCR displays a much broader dynamic range and introduces less intraassay variation than endpoint PCR. Comparison of the rank order of the statistical data generated by the linear regression analysis revealed that the real-time methods produced more linear decay plots than the endpoint methods (Table 3) . Among the realtime methods, TaqMan and SYBR green produced comparable dynamic range and sensitivity. The SYBR green method was more precise and produced a more linear decay plot than TaqMan detection (Tables 2 and  3 ). It is difficult to draw broad conclusions about SYBR green and TaqMan quantitative RT-PCR assays based upon the two genes studied here. It is possible that one detection method may be ideal for a particular gene expression experiment or that probe and/or primer optimization may increase assay precision. TaqMan probes have advantages for multiplex assays and add another level of sequence specificity to the PCR. Nonetheless, SYBR green detection represents an economical alternative to TaqMan probes for cDNA measurements in robust PCR systems.
